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SPECIAL TOPIC — Structures and properties of materials under high pressure

Structural stability and mechanical properties of Ni,Mo,N ternary
nitrides under high pressure: A first-principles study
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Transition metal nitrides have attracted significant attention due to their outstanding properties; however, studies on
ternary systems under high pressure remain limited. In this work, we systematically investigated the structures and proper-
ties of NiMoN compounds in the pressure range of 0—100 GPa by combining crystal structure analysis by particle swarm
optimization (CALYPSO) structure prediction with first-principles calculations. To explore more structural possibilities,
a large number of candidate structures were predicted and those with potential stability were selected. Among the newly
predicted structures, a stable phase P213-NiMo4N and a low-energy metastable phase /4;32-NiMo3zN are proposed for the
first time. The metastable structure /4;32-NiMo3zN lies 0.007 eV/atom above the convex hull, whereas the energy of the
experimentally synthesized structure Fd3m-NizMosN is 0.036 eV/atom above the convex hull. Therefore, /4;32-NiMo3sN
can likely be obtained through experimental synthesis. Phonon and elastic constant calculations confirm the stability of
P2,3-NiMoyN and 74,32-NiMosN, while electronic structure calculations indicate that both exhibit metallic behavior,
with Mo-4d orbitals making the primary contribution at the Fermi level. Mechanical property evaluations reveal that P2;3-
NiMoyN exhibits high hardness, whereas /432-NiMo3sN shows relatively lower hardness but enhanced ductility. Under
different pressures, both structures exhibit comparable ideal tensile strengths, but their failure mechanisms differ. This study
broadens the known structural diversity of NiMoN ternary nitrides and provides theoretical insights into the exploration of

high-pressure ternary nitrides.

Keywords: ternary nitride, crystal structure, CALYPSO, high pressure
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1. Introduction

Extreme service environments, such as high temperature,
high pressure, and severe wear, place stringent demands on
material performance. Traditional hard materials, including
diamond and cubic boron nitride (c-BN), exhibit exception-
ally high hardness; however, their widespread application is
limited by high cost, complex fabrication processes, and in-
adequate chemical stability. Therefore, the development of
novel hard materials has always been a focal point in mate-
rials science research. Nitrides, owing to their excellent me-
chanical properties and chemical stability, occupy an impor-
tant position in the research of hard materials. For example,
TiN,!=31 CrN, 491 and MoN"~1%1 have been widely used in
protective coatings and cutting tools, whereas ceramic materi-
als such as SisN4 =131 and AIN[4-16] demonstrate excellent
performance in high-temperature applications owing to their
thermal resistance and chemical inertness. In addition, nitrides
exhibit properties such as high electrical conductivity and cat-
alytic activity. For instance, y-Mo,N7-191 and VN20-22] have
been shown to be excellent catalysts and have been extensively
studied for energy conversion processes, including electrocat-
alytic water splitting. Although nitride materials hold broad
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application potential in the field of functional materials, cur-
rent research has largely focused on binary nitride systems,
particularly on the crystal structures, mechanical properties,
and catalytic performance of binary transition metal nitrides
such as TiN, MoN, and CrN.I-191 Ag a result, the chemi-
cal space of nitride material systems remains far from fully
explored. Ternary nitrides, owing to their diverse chemical
configurations, bonding modes, and more complex electronic
structures, exhibit greater complexity and tunability; however,
the number of ternary nitrides that have been successfully syn-
thesized and systematically studied remains relatively limited.
The scarcity of ternary nitrides is primarily attributed to the
high stability of molecular nitrogen (N;), which hardly reacts
with metals under ambient pressure and requires elevated tem-
peratures to break the N—N triple bond. In addition, nitrides
themselves exhibit high cohesive energy and low atomic dif-
fusion rates, while the entropic effect at high temperatures is
unfavorable for the incorporation of nitrogen atoms into the
solid phase. These factors collectively render the experimen-
tal synthesis of ternary nitrides challenging.

In ternary nitride systems, NiMoN compounds can adopt
densely packed structures, in which the relatively large atomic
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radius of Mo and the strong involvement of d orbitals facili-
tate the formation of crystal structures with locally diverse co-
ordination environments around Ni and N atoms. Such high
bond-energy structures render these compounds particularly
stable under high pressure, exhibiting low compressibility and
high elastic moduli and hardness. Previous studies on ternary
Ni;MoyN compounds have primarily focused on three struc-
tures: NioMo3N, 27281 NizsMosN*-31 and Ni;MoyN.3!
Among these, Ni;MosN has been the most extensively stud-
ied and can be synthesized experimentally via methods such
as high-temperature ammonolysis and reduction-nitridation
reactions. Herle er al.™®! and Weil er al.3?! experimen-
tally proposed that Ni;MosN crystallizes in a cubic 3-Mn-
type structure (space group P4;32) with a lattice parameter
of 6.634 A. Errandonea et al.!33! reported that Ni;Mo3zN ex-
hibits a Vickers hardness of 20.5 GPa, a bulk modulus of
317.4 GPa, and a Young’s modulus of 392 GPa, and demon-
strates strong compressive resistance and stability under high
pressure up to 50 GPa. In addition, NipMo3N exhibits remark-
able catalytic activity for ammonia decomposition. Zaman
et al.®* demonstrated that NipMosN is a promising mate-
rial, achieving an ammonia conversion rate exceeding 90% at
600 °C. Hund et al.'¥ also investigated the high-temperature
behavior of Ni;MosN in flowing ammonia at 875 °C. An-
other ternary nitride, NizMosN, is considered a highly ef-
ficient catalyst. Bem et al.®3! first reported that NizMosN
adopts a cubic 7m-carbide-type structure with lattice parame-
ters a = 6.635 A, b = 6.668 A, and ¢ = 6.573 A, belonging
to the space group Fd3m. Recently, Tang et al.!*”! designed
and synthesized a novel ternary nitride heterostructure cat-
alyst, CosMo3N/NizMosN, which exhibits excellent electro-
catalytic performance; NisMosN was synthesized via a nitri-
dation reaction of the NiMoOy - xH,O precursor. In addition
to the extensively studied NioMosN and NizMosN, Chen et
al. B! performed a theoretical investigation of NipMo4N us-
ing first-principles methods. Ni;Mo4N also adopts a cubic 1-
type structure with space group Fd3m and a lattice parameter
of a = 11.374 A. A comparison of the energies of NizMo3N
and NipMoyN further indicates that Mo atoms can effectively
reduce the compound energy in ternary nitrides, thereby stabi-
lizing the nitride.

High pressure, as an important means of tuning material
structures and properties, can significantly modify the crystal
structures and bonding patterns of materials, thereby induc-
ing phase transitions, enhancing mechanical properties, and
generating new phases and structures that are unstable under
ambient pressure. However, research on ternary nitrides under
high pressure remains scarce. In the Ni-Mo-N system, most
studies have concentrated on synthesis strategies and catalytic
performance under ambient conditions, whereas structural in-
vestigations at high pressure are still limited, and comprehen-

sive theoretical studies on the possible high-pressure phases
and their properties are lacking. Therefore, applying crystal
structure prediction methods to systematically investigate the
NiMoN ternary nitride system under high pressure offers an
effective approach to elucidate its structural evolution, identify
potentially stable phases, and expand the structural landscape
of ternary nitrides.

In this research, the crystal structure analysis by particle
swarm optimization (CALYPSO) code*®+? was employed to
predict the structures of the Ni-Mo—N ternary nitrides under
varying pressures based on energy minimization. Details of
the CALYPSO algorithm and its applications can be found
in Refs. [43—45]. We primarily used the CALYPSO software
to predict the structures of P2;3-NiMosN and /4132-NiMosN
and validated their stability. We calculated both their elec-
tronic and mechanical properties, with a focus on analyzing
the shear and tensile stress—strain behavior of these structures
under varying pressure conditions.

2. Calculational method

Structural predictions for the Ni,MoyN ternary nitrides
were made using CALYPSO within the pressure range of 0—
100 GPa, and the accuracy of CALYPSO has been well val-

5.[46-521 Density functional theory

idated in previous studie
(DFT) calculations!>3#! were carried out using the Vienna
ab initio simulation package (VASP)[> with the exchange—
correlation functional represented by the Perdew—Burke—
Ernzerhof (PBE) form within the generalized gradient approx-
imation (GGA). The 3p®3d®4s?, 4p®4d®5s', and 2s22p?
electrons were treated as valence electrons for Ni, Mo, and
N atoms, respectively. The projector-augmented wave (PAW)
method was applied, utilizing PAW potentials from the VASP
library. A cutoff energy of 560 eV was used. To ensure
enthalpy convergence within 1 meV/atom, Monkhorst—Pack
(MP) grids of 7 x 7 x 7 for P2;3-NiMo4N and 6 x 6 x 6 for
14132-NiMosN were employed. Additionally, the differential
charge density and phonon dispersion curves were calculated
using the Device Studio-projector augmented wave (DS-PAW)
software integrated within the device studio program.5”] The
phonon spectrum was calculated using the supercell method
based on finite displacements. [58] For both P2,3-NiMo4N and
14132-NiMo3N, a 2 x 2 x 2 supercell was employed.

3. Results and discussion

Ni,Mo,N structures with different stoichiometries were
explored at 0 GPa, 50 GPa, and 100 GPa using the CA-
LYPSO software. Thermodynamically stable Ni,MoyN struc-
tures were identified by calculating the convex hull energies
of compounds with various compositions, and the correspond-
ing convex hull diagrams were constructed. The convex hull
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energy was calculated using the following expression:

. b
Enun (leMO)’N) = Ef((?r)m - Ef(0r>m’ (1)
Eiotal —xE(Ni) —yE(Mo) —zE(N
Etorm = total — % ( 1) Y ( O) < ( )7 2
X+y+z
where Ef(gr)m represents the formation energy of the predicted

structure, while Ef(;)m

denotes the lowest formation energy
obtained by linear interpolation between other known stable
structures on the convex hull. In the ternary convex hull dia-
gram shown in Fig. 1, circles indicate thermodynamically sta-
ble structures, whereas diamonds represent metastable struc-

tures.

(a) Ni

Mo Mo,N MoN MoN, N

For the stable structures, the predicted NipMosN at am-
bient pressure agrees well with the experimental results of
Herle et al.'>’! and Weil et al.3% exhibiting a space group
of P4,32. This structure remains stable under a high pres-
sure of 100 GPa. Moreover, a new cubic phase, NiMosN
with the P2;3 space group, was identified at ambient pres-
sure, along with other metastable structures, including Fd3m-
NizMosN, Fd3m-NioMosN, 74,32-NiMo3N, P6m2-NiMo,N,
and Cmmm-NiMoN. At 50 GPa, the stable and metastable
structures remain the same as at ambient pressure. Under a
high pressure of 100 GPa, additional metastable structures, in-
cluding /4/mmm-NizMosN and Cmc2;-NigMosN, were also
identified.

(b) Ni @ Stable

¢ Above hull

Mo Mo,N MoN MoN, N

Fig. 1. Convex hull diagrams of Ni,Mo,N at 0 GPa (a) and 100 GPa (b).

Among the predicted metastable structures at ambient
pressure, the cubic 74;32-NiMosN is only 0.007 eV/atom
above the convex hull, while Fd3m-NizMosN, Fd3m-
NiMo4N, and P6m2-NiMo,N are 0.036 eV/atom,
0.026 eV/atom, and 0.069 eV/atom above the convex hull,
respectively. In contrast, the energies of the other metastable
structures are more than 0.1 eV/atom higher than the convex
hull. According to the Inorganic Crystal Structure Database,
approximately 20% of experimentally synthesized materials
are metastable, with some even exhibiting positive formation
enthalpies exceeding 0.04 eV/atom.’%%°1 Among the struc-
tures predicted above, Fd3m-NizMosN and Fd3m-Ni;MosN
are known structures, and the prediction is consistent with
previous studies. Fd3m-NizMosN has been successfully syn-

[33] Since the energy

thesized experimentally by Bem et al.
of 14,32-NiMosN is lower than that of the experimentally
synthesized Fd3m-NizMosN, 14132-NiMosN can likely be
obtained through experimental synthesis. The following dis-
cussion focuses on the stable structure P2;3-NiMo4N and
the low-energy metastable structure /4132-NiMosN, both of

which have potential for experimental synthesis.

Table 1. P2;3-NiMoyN and 74,32-NiMo3N lattice parameters and
atomic Wyckoff positions at 0 GPa.

Lattice parameters Wyckoff positions (fractional)

Structures Atoms

A) x y z
P2,3 a=6.795 Ni  4a 0938 0938 0.938
(NiMoyN) b =6.795 Mol 12b 0.043 0.063 0.204
¢=6.795 Mo2 4a 0327 0327 0327
N 4a 0.626 0.626 0.626
14,32 a="1.963 Ni 8 0.125 0.125 0.125
(NiMo3N) b =7.963 Mo 24k 0.625 0.140  0.101
c=17.963 N 8 0875 0875 0.875

As shown in Fig. 2, the crystal structures of P2;3-
NiMoyN and 74132-NiMosN are presented. Table 1 presents
the optimized lattice parameters. In the NiMo4N structure,
the N atoms occupy the 4a positions and are coordinated by
six surrounding Mo atoms, forming MoN octahedra with a
bond length of 2.1 A. These octahedra are interconnected
through corner-sharing. The Ni atoms are located in the voids
of the MogN polyhedra, forming an interpenetrating network
lattice composed of MogN octahedra and Ni atoms. In the
NiMosN structure, each N atom is coordinated by six Mo
atoms along the axial directions, with bond angles to neighbor-
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ing Mo atoms ranging approximately from 87° to 91°. Each
Ni atom is connected to three neighboring Mo atoms with a
bond length of 2.64 A, forming equilateral triangles with bond
angles of 120°.

Fig. 2. Crystal structures of Ni,MoyN: (a) P23 phase of NiMo4N and
(b) 14132 phase of NiMosN.

The electronic properties of NiMo4sN and NiMo3N were
evaluated by calculating their band structures and density of
states. Figure 3 shows the band structures and projected den-
sity of states (PDOS) of NiMo4N and NiMo3N. In both struc-
tures, bands cross the Fermi level, indicating metallic behav-
ior. The PDOS indicates that Mo-4d orbitals dominate the
contribution at the Fermi level. Compared with NiMo4N, the
band structure of NiMosN is denser, reflecting a more com-
plex electronic structure. The PDOS further shows that in the
low-energy region (around —2 eV), Ni-3d orbitals are the main
contributors, whereas the conduction bands are primarily de-
rived from Mo-4d orbitals.

(a) 2

U] | —~—
L S SN N
s = -
N ~=1 ]
© =TT —
= P O =
gl—"~ —
"\ ~—]
== ]

X R M r R X 0 10 20 30 40 50

Dos (eV™1)
:E{ip

—Mo_d|

E;

Energy (eV)
=

AT

0 20 40 60
Dos (eV™1)

>
=
g
~
=

Fig. 3. Electronic band structures (left panel) and partial density of states
(right panel) of Ni,MoyN: (a) P23 phase of NiMo4N and (b) /4,32 phase
of NiMosN.

Figure 4 shows the differential charge density of NiMo4N
and NiMosN, where yellow represents charge accumulation
and blue represents charge depletion. The differential charge
density indicates electron transfer from Mo atoms to N atoms.

Table 2 presents the results of Bader charge analysis, which
quantifies this charge transfer in both NiMo4sN and NiMo3N.
In the Device Studio software, the valence electron numbers
of Ni, Mo, and N were set to 10, 14, and 5, respectively. In
the NiMoy4N unit cell, Mo atoms lose a total of 7.85 electrons,
while N atoms gain 5.93 electrons. In NiMosN, Mo atoms
transfer 15.53 electrons, while N atoms acquire 12.00 elec-

trons.

Table 2. Bader charge analysis of NiMo4N and NiMo3N structures.

Nil Mol Mo2 Mo3 Mo4 N1
NiMoyN 10.49 13.40 13.83 13.40 13.83 6.48
NiMosN 10.44 13.34 13.35 13.36 6.50

Fig. 4. Differential charge density of NiMo,MoyN: (a) P23 phase of
NiMoyN and (b) 74132 phase of NiMosN.

(@) E——————

15

10

Frequency (Hz)

Frequency (Hz)

Fig. 5. Phonon dispersion curves of NiMo,MoyN: (a) P2;3 phase of
NiMoyN and (b) 74132 phase of NiMo3N.

To verify the stability of NiMo4N and NiMosN, their
phonon spectra and elastic constants were calculated. The
phonon spectra were obtained using the finite displacement
method to assess the dynamical stability of the crystals. Fig-
ure 5 presents the phonon spectra of NiMosN and NiMosN,
showing no imaginary frequencies throughout the Brillouin
zone, which confirms that both structures are dynamically sta-
ble.
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Table 3. Elastic constants, bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), Poisson’s ratio v, and

Vickers hardness (GPa) of NiMoy4N and NiMo3N at 0 GPa.

Ci Cuy Ciz B (GPa) G (GPa) E (GPa) v H, (GPa)
NiMosN 232.49 232.49 84.60 133.90 99.12 238.5 0.20 17.7
NiMo3N 326.45 121.01 227.53 260.50 84.53 228.84 0.35 5.36
NisMo3 N33 471.45 181.60 240.42 317.43 151.47 392.06 0.29 20.5
Pd,Moz N33 44236 141.41 229.73 300.60 126.14 331.99 0.32 17.1
NiyMoyNB1 319 98 203 237

To assess the mechanical stability of NiMosN and
NiMosN, they must satisfy the following mechanical stability
criteria: (®1]

Ci1 >0, Cyu4 >0, Ci1 >|Cia|, Ci11+2C12>0.  (3)

The elastic constants of NiMo4N and NiMo3sN were cal-
culated using the stress—strain method, as listed in Table 3.
The results show that both structures satisfy the criteria for me-
chanical stability. In addition, the B/G ratios were evaluated,
indicating that P2;3-NiMoyN has a B/G of 1.35, below 1.75,
corresponding to brittleness, whereas /4132-NiMosN has a
B/G of 3.08, above 1.73, indicating ductility. The elastic mod-
ulus of NiMoyN is similar to that of NipMosN. The Vickers
hardness of both materials was further estimated using the fol-

lowing formula:[6?!

H, (GPa) = 2(K*G)%% —3, (4)

where K = G/B is Pugh’s modulus ratio.

The calculated values are listed in Table 3, showing that
the Vickers hardness of NiMo4N and NiMosN are 17.7 GPa
and 5.36 GPa, respectively. The hardness of NiMo4N is com-
parable to that of PdyMosN, while slightly lower than that of
the experimentally determined Ni;Mo3N structure.

(a) Shear modulus (GPa) 120 (b) Young's modulus (GPa)
1 " — l 260
110
105 ‘ 1240
1100 g
"“"I 95 [001]
90 /t\ 200
(mn| [010] 1100 [o10]
(c) Shear modulus (GPa) 120 (d) Young's modulus (GPa) 300
110 A
1100 1250
90
200
fo01] 80 jo01]
/k\ » /k
1100] 1010 [100] [o10] 150

Fig. 6. Three-dimensional representations of (a) shear modulus and (b)
Young’s modulus of NiMoyN, and (c) shear modulus and (d) Young’s
modulus of NiMo3N.

Figure 6 also presents the three-dimensional modulus dis-

tributions of NiMo4N and NiMo3N. The results show that the

maximum shear modulus for both materials occurs along the
principal axes, reaching 121 GPa. Correspondingly, the direc-
tions of maximum shear modulus coincide with the minimum
Young’s modulus, reflecting the anisotropic behavior of these
materials. Therefore, the anisotropy indices A" of NiMosN
and NiMosN were calculated, with values of 0.34 and 1.21, re-
spectively. NiMosN exhibits stronger anisotropic behavior. 63
The maximum Young’s moduli of NiMosN and NiMosN are
278 GPa and 314 GPa, respectively, indicating that both ma-
terials exhibit high stiffness along specific directions. In ad-
dition, the bulk moduli of NiMo4N and NiMo3N are isotropic
in all directions, with values of 133.9 GPa and 260.5 GPa, re-
spectively.

150

n-g-u-g—g—e
5'!—' l~|\.

1001

Stress (GPa)

50
o —® 100 GPa—NiMo,N
-a —0—100 GPa—NiMo;N
—=—50 GPa—NiMo,N
—e—50 GPa—NiMo;N
—m—0 GPa—NiMo,N
Of —e—0 GPa—NiMo;N

0 0.05 0.10 0.15 0.20

Strain

Fig. 7. Tensile stress—strain curves of NiMo4N and NiMosN under dif-
ferent pressures.

To further investigate the deformation behavior of the
structures, the ideal tensile strength of the two structures along
the [111] crystallographic direction was calculated under dif-
ferent pressures, as shown in Fig. 7. The [111] direction
represents a high-symmetry direction in cubic crystal struc-
tures, which effectively reflects the material’s mechanical lim-
its. The calculation results show that at ambient pressure,
the ideal tensile strengths of NiMosN and NiMosN along the
[111] direction are 34.9 GPa and 35.1 GPa, respectively. Their
maximum ideal strengths are very close, but their instabil-
ity behaviors differ significantly. NiMosN reaches its peak
and becomes unstable at a strain of 0.08, whereas NiMo3N
maintains a relatively high stress level even at a strain of 0.1,
demonstrating greater ductility. This result is consistent with
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the B/G ratios derived from the elastic constants, further con-
firming the high-strength brittle nature of NiMoyN. In addi-
tion, with increasing pressure, the tensile strengths of both ma-
terials increase. At 0 GPa, 50 GPa, and 100 GPa, the ideal ten-
sile strength of NiMo4N increases from 34.9 GPa — 84.9 GPa
— 134.6 GPa, while the ideal tensile strength of NiMo3sN in-
creases from 35.1 GPa — 85.3 GPa — 135.1 GPa. The ten-
sile performance of both structures follows a synchronized in-
crease under high pressure, with the ideal tensile strengths re-
maining close and no sudden change observed under increased

pressure.
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Fig. 8. Shear stress—strain curves under different pressures for (a)

NiMoy4N and (b) NiMo3N.

Furthermore, the ideal shear strengths of both structures
along the (100)[010] directions under high pressure were also
calculated, as shown in Fig. 8. According to the three-
dimensional modulus distributions, both materials exhibit the
largest shear moduli along the principal axes. Therefore, the
(100)[010] directions correspond to the largest ideal shear
strengths for both materials. The results show that under high
pressure, the ideal shear strengths of NiMosN and NiMosN
increase significantly. For example, at 0 GPa, 50 GPa,
and 100 GPa, the shear strength of NiMo4N increases from
20.3 GPa — 38.8 GPa — 46.2 GPa, demonstrating excel-
lent shear resistance under high pressure. The increase in
shear strength reflects a significant enhancement of the metal—

nitrogen bond strength due to the applied pressure, allowing

the materials to maintain higher stability under shear stress.
Both the ideal shear and tensile strengths increase with pres-
sure, suggesting a positive correlation between lattice com-
pactness and mechanical resistance.

4. Conclusion

Based on CALYPSO structure prediction and first-
principles calculations, the P2;3-NiMosN and /4132-NiMosN
structures were predicted at ambient pressure. The elastic con-
stants and phonon dispersion curves of both structures confirm
their mechanical and dynamical stability. Analysis of the band
structures shows that both compounds exhibit metallic behav-
ior, with the Mo-4d orbitals dominating the contributions at
the Fermi level, as indicated by the PDOS. The Vickers hard-
nesses of P2;3-NiMoyN and 74;32-NiMo3N were calculated
to be 17.7 GPa and 5.36 GPa, respectively. These hardness val-
ues, together with the B/G ratios, indicate that P2;3-NiMo4N
behaves as a high-strength brittle material, whereas 7432-
NiMosN exhibits ductile behavior. Furthermore, ideal tensile
strength calculations along the [111] direction show that both
materials have similar ideal strengths of approximately 35 GPa
at ambient pressure, but their mechanical instability behaviors
differ significantly: P2;3-NiMosN becomes unstable at a rel-
atively small strain, reflecting low ductility, whereas 14;32-
NiMosN maintains high stress at larger strains, demonstrating
superior plasticity. These findings are consistent with analyses
of elastic moduli and hardness, further confirming the intrin-
sic relationship between microstructure and mechanical prop-
erties. Additionally, under high-pressure conditions, both the
ideal shear and tensile strengths increase significantly, indicat-
ing that the materials’ resistance to tensile and shear stresses
is notably enhanced under high pressure.
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